In the active control of noise in ducts, it is common practice to locate an error microphone far from the control source to avoid the near-field effects by evanescent waves. Such a distance between the control source and the error microphone makes a certain level of time delay inevitable and, hence, may yield undesirable effects on the convergence properties of control algorithms such as filtered-x and filtered-u least-mean-square (LMS). This paper discusses the dependence of the convergence rate on the acoustic error path in these popular algorithms and introduces new algorithms "constraint filtered-x and constraint filtered-u LMS," which increase the convergence region regardless of the time delay in the acoustic error path. In the algorithms, coefficients of the controller are adapted using modified residuals that are defined in such a way that the control process become stationary. Performances of the new LMS algorithms are presented in comparison with those by the conventional algorithms based on computer simulations.
INTRODUCTION
Active noise control (ANC) in ducts means cancellation of unwanted acoustic waves due to a primary source with antiphase acoustic waves by a secondary source. In a typical ANC system as shown in adaptive to the changes which occur during the operation of the ANC system. As mentioned in the Introduction, filtered-x and filtered-u LMS algorithms are often used to resolve the time variance of the acoustic plant. Figure 2 shows a block diagram of an adaptive control system for cancellation of noise in ducts which is based on the filtered-x LMS algorithm. The residual noise e(k), measured by the error microphone, represents the result of acoustical interference between sound pressures created by the primary and secondary control sources as follows:
A. Constraint filtered-x LMS algorithm
where x(k) is the primary noise source signal, © denotes the convolution operator, and He represents transfer function of the error path consisting of acoustic path between the control source and error microphone as well as the error microphone itself. The error microphone is located downstream away from the control source to avoid the near-field effects by the evanescent waves as mentioned before.
Sound pressure at the location of the control source due to the primary source is given by P©x(k), i.e., con- 
Since the partial derivative in the above equation cannot be given in an explicit manner, it is assumed heuristically that the coefficients in the past should be the same as the current ones, i.e., we_riO--we(1) and, consequently, the co- 
where IF* is the optimal filter s and •/2> O, the function V(k+ 1 ) can be derived using Eq. ( 11 ) as follows:
where F(k), vector of the reference input signal filtered by the error plant model, is given by 
V(k+ 1 ) = V(k) +,he•(k)Fr(k)F(k) --e•(k). (17)
Applying the Lyapunov stability theorem, V(k + 1 ) should be less than V(k) yields the stability condition of */2 as follows: -• h(j)y(k--j) , (Fig. 9)  B (Fig. 10 ) B (Fig. 11)  B (Fig. 12)  B (Fig. 13 
III. CONCLUSION
Convergence patterns of ANC systems in ducts adapted by the filtered-x LMS and filtered-u LMS algorithms have been discussed by concentrating on the undesirable effects incurred by the time delay in the acoustic error path. New adaptation schemes have been proposed, which keep the controller stable regardless of the timedelay in the acoustic error path. In the case of constraint filtered-x LMS algorithm, stability bound of the convergenc• factor has been analyzed theoretically so as to determine the reasonable speed of adaptation. Analysis of the stability bound in case of the constraint filtered-u LMS algorithm is not so simple at all. Hence, it has been treated in this paper under the assumption that the process has reached the equilibrium. That is, the stability bound has been shown to hold locally around the equilibrium. A set of computer simulations have been carried out for several simplified models of the acoustic plants in ducts, according to which the expected convergence pattern of the proposed algorithms can be confirmed. One point to note here, however, is that the proposed algorithms may need more computation time in order to generate another set of residuals that will be used for the adaptation of the controller.
